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We create a two-dimensional electron system (2DES) at the interface between EuO, a ferro-
magnetic insulator, and SrTiO3, a transparent non-magnetic insulator considered the bedrock of
oxide-based electronics. This is achieved by a controlled in situ redox reaction between pure metal-
lic Eu deposited at room temperature on the surface of SrTiO3 – an innovative bottom-up approach
that can be easily generalized to other functional oxides and scaled to applications. Additionally,
we find that the resulting EuO capping layer can be tuned from paramagnetic to ferromagnetic,
depending on the layer thickness. These results demonstrate that the simple, novel technique of cre-
ating 2DESs in oxides by deposition of elementary reducing agents [T. C. Rödel et al., Adv. Mater.
28, 1976 (2016)] can be extended to simultaneously produce an active, e.g. magnetic, capping layer
enabling the realization and control of additional functionalities in such oxide-based 2DESs.
Introduction.- Two-dimensional electron systems
(2DESs) in functional oxides have gained strong in-
terest as a novel state of matter with fascinating
and exotic interface physics. For instance, the 2DES
in LaAlO3/SrTiO3 (LAO/STO) interfaces can host
metal-to-insulator transitions, superconductivity and
magnetism –all of them tunable by gate electric
fields [1–9]. The prospect of creating and manipulating
a macroscopic magnetic ground state in oxide-based
2DESs is of enormous interest, as this would pave
the route towards oxide spintronic applications with
novel quantum phases beyond today’s semiconductor
technology.
Recent studies aimed at supporting the existence of
magnetic ordering at the LAO/STO interface, e.g. by
the observation of tunnel magnetoresistance (TMR) [10]
or the inverse Edelstein effect [11, 12]. The magnetic
field dependence of TMR was attributed to a Rashba-
type spin-orbit coupling, potentially allowing the manip-
ulation of spin polarization in a 2DES, whereas its spin-
momentum locking may enable a high efficiency of the
conversion of an injected spin current into a charge cur-
rent. In fact, in the case of the LAO/STO interface, it
was recently demonstrated that additional epitaxial fer-
roic oxide layers can be used to tune the spin polariza-
tion of the 2DES by an electric field [13] or to control
its conduction in a non-volatile manner by ferroelectric
switching [14].
So far, the design of functional 2DES required a single
layer growth control of epitaxial LAO onto SrTiO3. The
emergence of interfacial quantum states, such as mag-
netism, superconductivity or spin-orbit coupling, only
sets in at a critical LAO thicknesses of 4 unit cells and
in certain regions of the 2DES phase diagram [10]. This
conundrum was circumvented by the finding that 2DESs
could be fabricated at the bare surface of several oxides,
through the creation of oxygen vacancies at their sur-
face [15–22]. These surface 2DESs can also show mag-
netic domains [23], thus constituting an appealing alter-
native for the use and control of electric and magnetic
properties of confined states in oxides.
Here, we show that insulating and ferromagnetic EuO
can be grown on SrTiO3 while simultaneously creating
a 2DES at the interface. As schematized in Fig. 1, the
fabrication of the 2DES is simply accomplished by the
deposition of pure metallic Eu at room temperature in
ultrahigh vacuum. We find that the resulting EuO cap-
ping layer can be tuned from paramagnetic to ferromag-
netic, depending on the Eu metal coverage (dEu = 1 ML
and 2 ML, respectively), and show, using angle-resolved
photoemission spectroscopy (ARPES), that the integrity
of the 2DES is preserved in both cases, thus providing an
ideal knob for tuning the spin-transport properties of the
2DES. This bottom-up approach to create a 2DES by an
interfacial redox process relies on recent results demon-
strating that the evaporation of an amorphous ultra-thin
layer of Al metal on top of an oxide surface generates
a homogeneous 2DES [24]. As the redox reaction be-
tween oxides and elementary metals with a large heat of
formation of the corresponding metal oxide is a general
phenomenon [25], 2DESs can be created in various ox-
ides, e.g. SrTiO3, TiO2, and BaTiO3 [24]. In the present
study, we advance this exciting possibility towards si-
multaneously creating a 2DES and forming a functional
metal oxide overlayer –i.e. in a macroscopic ferromag-
netic ground state– by choosing a suitable elementary
metal (Eu). Our experiments demonstrate how to ele-
gantly link the simplicity and universality of an interfa-
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FIG. 1. Schematics of the experiment. Pure Eu metal (grey
balls), evaporated from a Knudsen cell, reacts with the SrTiO3
surface, forming stoichiometric insulating EuO (grey). The redox
reaction locally reduces the SrTiO3 around its surface, creating a
2DEG (blue). The capping layer can be tuned from paramagnetic,
for 1 ML of EuO, to ferromagnetic, for 2 ML of EuO – where
magnetic domains with in-plane magnetization M are represented
by the red arrows.
cial redox reaction to obtain increased functionalities by
engineering just one active oxide overlayer that can en-
hance, modify and allow controlling the properties of the
subjacent so-created confined electron system.
Methods.- The preparation of ultrathin EuO films by
oxide molecular beam epitaxy (MBE) poses several ex-
perimental challenges [26–35]. The oxygen partial pres-
sure, the substrate temperature, and the rate of imping-
ing Eu-metal atoms must be carefully controlled. How-
ever, only the stoichiometric compound yields the desired
simultaneous occurrence of magnetic and semiconducting
behaviors. In this paper a novel method to synthesize ul-
trathin EuO is demonstrated and put into practice, i.e.
a controlled interfacial redox reaction with oxygen pro-
vided by the substrate material only [36].
The undoped TiO2-terminated SrTiO3 samples are
prepared using a well established technique [37]. Atomic
force microscopy images show a flat surface with steps of
unit cell height and a roughness within one terrace of typ-
ically 150 pm and a c-direction miscut angle < 0.1◦. The
samples are then annealed in vacuum to 500 ◦C for 0.5 h
in a MBE chamber at a base pressure of 1.3× 10−10 mbar
prior to Eu evaporation and photoemission experiments.
The cleanliness and crystallinity of the so-obtained sur-
faces are checked by in situ X-ray photoemission spec-
troscopy (XPS). Pure Eu metal is then evaporated at
480 ◦C at a rate of 0.3Åmin−1 using a low temperature
Knudsen cell, while the SrTiO3 substrate is kept at room
temperature. The deposition rate of Eu metal is moni-
tored by a calibrated quartz microbalance.
The redox-created oxidation state of the Eu on the
SrTiO3 surface is analyzed using XPS with Al Kα radi-
ation from a SPECS X-Ray anode and a PHOIBOS-100
(b) (a) 
FIG. 2. XPS data of (a) the Eu 3d5/2 peak and (b) the Ti 2p
core level. Both (a) and (b) illustrate the interfacial redox process
after evaporation of pure Eu metal on the surface of SrTiO3: oxy-
gen provided from the substrate forms 1ML of stoichiometric EuO,
while the Ti of the substrate is reduced to Ti3+.
hemispherical energy analyzer at FZ Jülich. The Eu 3d
and Ti 2p core-levels are analyzed to quantify the oxi-
dation state of the deposited Eu-metal and to observe
the redox process with the substrate surface. Before
the ex situ magnetization measurements, realized with
a Quantum Design MPMS SQUID magnetometer, the
EuO/SrTiO3 samples are further capped with 15 nm of
e-beam evaporated MgO to avoid additional oxidation.
A hysteresis loop of H = ±1500 Oe at T = 5 K is per-
formed, while temperature dependence is recorded with
an aligning field of H = 500 Oe for T =5 to 150 K. All
magnetization data was measured in-plane.
The ARPES measurements are conducted at the CAS-
SIOPEE beamline of synchrotron SOLEIL. The beamline
is equipped with an MBE chamber allowing the in situ
preparation of the SrTiO3 surfaces and evaporation of
the pure Eu-metal using the same above-specified con-
ditions. We furthermore checked that a surface cleaning
using a much faster annealing (about one minute) cre-
ates a negligible amount of bulk oxygen vacancies. Eu
evaporated hereafter then results in an identical 2DES,
in line with previous reports showing that the electronic
structure of the 2DES at the surface of SrTiO3 is in-
dependent of the material’s bulk doping [15]. We used
linearly polarized photons at energies of 47 eV and 90 eV,
which provide the best cross-section for ARPES spectra
on SrTiO3 [15, 24], and a hemispherical electron analyzer
with vertical slits. The angular and energy resolutions
were 0.1◦ and 8 meV. The mean diameter of the incident
photon beam was smaller than 100 µm. The samples were
measured at T = 8 K. The results were reproduced on
two samples. All through this paper, we note 〈hkl〉 the
directions in reciprocal space. The indices h, k, and l
correspond to the reciprocal lattice vectors of the cubic
unit cell of SrTiO3.
Results.- To show that ultrathin stoichiometric EuO
can be grown without supplying additional oxygen, the
films are analyzed using XPS. Fig. 2(a) shows the
3FIG. 3. In-plane magnetization curves measured at T = 5 K,
obtained with a Quantum Design MPMS SQUID magnetometer,
contrasting the paramagnetic behavior of 1 ML EuO and the low-
dimensional ferromagnetic behavior of 2 ML EuO formed after
evaporating pure Eu metal on TiO2 terminated SrTiO3. The hori-
zontal dashed lines show the expected saturation magnetization at
T = 0 K for EuO [26, 39].
Eu 3d5/2 core-level. The chemistry of the film can be de-
termined by comparison to reference spectra of Eu-metal,
Eu2+, and Eu3+. The dashed line represents stoichio-
metric EuO. In accordance with previous studies of the
Eu 3d core level, the Eu2+ valence is located at an energy
of −1125 eV [28, 33, 38]. The peak is accompanied by a
well known satellite at higher binding energy, which is
part of the multiplet of the 3d9 4f7 final state [38]. The
red line shows the spectrum of a SrTiO3 sample with
4Å of Eu-metal deposited on top of it. The amount of
Eu metal corresponds to a thickness of ≈ 1 ML of EuO.
We find that the XPS spectra of our Eu-capped SrTiO3
samples is indistinguishable from stoichiometric EuO ref-
erence data. Features related to Eu-metal or Eu3+ are
absent. Analogous results are found (not shown) in case
of a deposited Eu-metal layer of 8Å. This demonstrates
that, in the ultrahigh vacuum conditions used here, the
Eu metal is oxidized into EuO at the surface of SrTiO3.
The concomitant substrate reduction is evidenced by
the analysis of the Ti 2p core level, shown in Fig. 2(b).
For stoichiometric SrTiO3 a pure Ti4+ valence is ob-
served. Upon deposition of nominally 1 ML of EuO,
the XPS spectrum shows an additional component at the
binding energy of Ti3+, indicating that the SrTiO3 is in-
deed reduced.
The unique properties of the obtained capping EuO
layer, and their tuning with layer thickness, are presented
in Fig. 3. The measured (not shown) ferromagnetic tran-
sition temperature of the 2 ML EuO film was T ≈ 60 K.
At T = 5 K, the magnetization versus field M(H) curve
of 1 ML of EuO (red curve) shows a paramagnetic be-
havior. In this case, the effective coordination number of
Eu atoms is lower compared to the coordination number
in bulk EuO, and thus exchange interactions are weak-
ened [26]. However, at the same temperature, the 2 ML
EuO overlayer is ferromagnetic (blue curve) with a sat-
uration magnetization of MS = 4µB per formula unit
(f.u.). The measured saturated magnetic moment for
2 ML of EuO capping is close to the corresponding the-
oretical values for EuO at T = 0 K, represented by the
horizontal dashed lines [26–28, 39]. Now the underlying
2DES (see next) is interfaced with a magnetic material,
which may ultimately enable a control of the spin degrees
of freedom in this system.
The formation of oxygen vacancies near the SrTiO3
surface, induced by the redox reaction with the Eu evap-
orated on top of it, results in a local electron doping
of the substrate and the creation of a 2DES, in anal-
ogy with the 2DESs formed by oxygen vacancies at the
UV-irradiated surface or Al-capped interface of SrTiO3
or other oxides [15–18, 21, 24]. This is directly demon-
strated by the ARPES data shown in Fig. 4. Figs. 4(a, b)
show the circular Fermi surfaces around Γ102 of the two
3dxy subbands at the interfaces between 1 ML and 2 ML
EuO films on SrTiO3, respectively. Figs. 4(c, d) present
the corresponding energy-momentum ARPES intensity
maps along the k<010> direction at k<100> = 2pi/a (a =
3.905 Å is the lattice parameter of SrTiO3). These cor-
respond to the two Ti 3dxy light subbands previously re-
ported for the 2DES in SrTiO3 [15, 16, 24]. For the 2DES
at the EuO(1 ML)/SrTiO3 interface, the band bottoms
(E0 ≈ −200 meV and −90 meV for the outer and inner
subbands, respectively), Fermi momenta (kF ≈ 0.19 Å−1
and 0.12 Å−1), effective masses (m?/me = 0.7 ± 0.05
for both subbands, estimated from a parabolic approx-
imation to the band dispersions, where me is the bare
electron mass), and the observation of a kink at E ≈
−30 meV below EF , ascribed to a band renormalization
due to electron-phonon interaction, are all in agreement
with previous reports [15, 16, 24, 40, 41]. As shown in
Fig. 4(e), the ellipsoidal Fermi surfaces, associated with
the Ti 3dxz/yz heavy subbands, are also observed us-
ing horizontal light polarization. From the total area
AF enclosed by all the Fermi surfaces, the density of
carriers of the 2DES at the EuO/SrTiO3 interfaces is
n2D = AF /(2pi
2) ≈ 2.0×1014 cm−2, which is comparable
to the density of states of the 2DES at the bare SrTiO3
surface [15, 24]. The thickness of the 2DES can be di-
rectly inferred from the number of subbands, their band
bottoms and energy separations [15]. Thus, as the elec-
tronic structure of the 2DES at the EuO(1 ML)/SrTiO3
interface is essentially the same as the one observed at
the bare surface of SrTiO3 [15], or at the Al-capped sur-
face of SrTiO3 [24], we conclude that its thickness is also
the same, namely about 4− 5 unit cells.
ARPES measurements are performed under zero ex-
ternal magnetic field, to guarantee conservation of the
photo-emitted electron momentum. Thus, while mag-
netizing the capping EuO film is not feasible for these
measurements, it is nevertheless instructive to compare
the ARPES data between the 1 ML and 2 ML EuO
4(a) 
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FIG. 4. ARPES data of the EuO/SrTiO3 interface. (a, b) Fermi-
surfaces taken around the Γ102 point of SrTiO3 for nominally 1 ML
(raw data) and 2 ML (negative values of second derivatives) EuO
coverage, respectively, using 47 eV photons with linear vertical (LV)
light polarization. These photon energy and polarization enhance
the photoemission intensity of the 3dxy circular Fermi surfaces.
(c d) Corresponding dispersion of the two Ti 3dxy light subbands.
(e) Fermi-surfaces taken around the Γ103 point of SrTiO3 for 1 ML
EuO coverage using 90 eV photons with linear horizontal (LH)
light polarization. These photon energy and polarization enhance
the photoemission intensity of one of the two orthogonal 3dxz/yz
ellipsoidal Fermi surfaces. As with our previous results on Al-
capped SrTiO3 [24], we crosschecked that for both 1 ML and 2 ML
EuO the 2DEG forms instantaneously after the Eu deposition, and
its carrier density is independent of the dose of UV light used to
measure the ARPES data. In other words, the 2DEG is entirely
due to the oxidation of the capping layer.
films, Figs. 4(a, c) and (b, d), respectively. Note that,
while the Fermi momenta of the 2DESs in both sys-
tems are essentially identical, one observes a small but
distinct difference in their bandwidths and band split-
tings. Specifically, in the case of the 2 ML EuO film,
the bottoms of the Ti 3dxy light subbands are at about
−230 meV and−100 meV, with a concomitant band split-
ting (≈ 130 meV) slightly larger than the one in the 1 ML
EuO film (≈ 100 meV). Additionally, both the Fermi edge
at E = 0 and the kink at E ≈ −30 meV appear much less
pronounced in the 2DES at the EuO(2 ML)/SrTiO3 in-
terface. The possible link between such differences in
electronic structure, and the ferromagnetism (with or
without domains) in the 2 ML EuO film, should be fur-
ther explored in future works. On the other hand, an
important conclusion at this point is that the onset of
ferromagnetism in the zero-field-cooled 2 ML EuO films,
with the concomitant formation of randomly oriented fer-
romagnetic domains (as schematized in Fig. 1), still pre-
serves the integrity of the underlying 2DES. Together
with the magnetization data from Fig. 3, our results open
the very exciting perspective of enabling the continuous
tuning, under external applied field, of the spin transport
properties in oxide-based 2DES.
Conclusions.- In summary, we demonstrated that the
deposition in vacuum, at room temperature, of Eu-metal
on SrTiO3 results in the simultaneous creation of a 2DES
in the oxide substrate and a capping EuO layer that can
be tuned from paramagnetic (1 ML thickness) to ferro-
magnetic (2 ML). These results open new perspectives
for investigating the interaction of the magnetic and elec-
tronic properties of the 2DES in SrTiO3. More generally,
these results lay a new ground for the simple and versa-
tile design of all-oxide devices in which the functionalities
of the constituting elements, and their mutual coupling,
can be obtained from controlled physicochemical reac-
tions and vacancy engineering at their interfaces.
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